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Abstract 
Oil shale ash (OSA) is a sorbent for CO2 mineralization and Ca- source for PCC. In the current study, transformations 
of sulfides, including formation of H2S(g), in the model systems of CaS - H2O and OSA - H2O in anaerobic (in N2) 
and aerobic conditions (in air) as well as in the process of aqueous carbonation, was investigated. The results revealed 
that concentration of sulfides in OSA aqueous suspension depends on resource of sulfides, pH, diffusion limitation, 
and the presence of oxidants. At pH values <10, desorption of H2S(g) is preferred to oxidation of sulfides, which was 
expressed by the intense emission of H2S(g). 
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1. Introduction 
Since the 20-th century, the average global temperature has increased steadily in correlation with the 
rising atmospheric CO2 concentrations due to extensive using of fossil fuels [1]. The electricity and heat 
production in the Republic of Estonia is mainly based on combustion of local low-grade oil shale (sulfur 
content 1-2%) [3]. Oil shale combustion processes generate large quantities of waste ash. According to 
Eesti Energia (an international energy company that operates in the unified energy market of the Baltic 
and Nordic countries), a total of 7.1 million tons of fly and bottom ash were stored in the ash fields of the 
Balti and Eesti power plants in 2011 [3], including harmful atmospheric emissions (CO2, SOx, NOx, and 
particulate matter) [2]. In 2011, Eesti Energia's activities released a total of 12.3 million tons of CO2 and 
56.8, 28.3, 12.8 thousand tons of SO2, fly ash, and NOx, respectively, into the atmosphere [3]. 
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Calcium-rich waste ash can be considered as suitable sorbent for CO2 mineralization as well as low-
cost Ca-source for precipitated calcium carbonate (PCC) production [4-6]. CaSO4 is the main sulfur 
compound present in oil shale ash (OSA), but traces of sulfides (CaS, FeS) are also found, especially in 
circulating fluidized bed (CFB) ashes [7-8]. Series of reactions occur during OSA contact with water and 
atmospheric components at ash deposits, including release of a highly toxic and irritating gas, hydrogen 
sulfide (H2S(g)), under certain conditions, which are shown in our previous work [9]. Therefore, the 
transformations of sulfur compounds in aqueous and gas phase must be considered while treating alkaline 
ash leachates and suspensions to avoid the emissions of H2S(g). Thus, the main goal of the current study 
was to investigate transformations of sulfides, including formation of gaseous H2S, in the model systems 
in anaerobic (in N2) and aerobic conditions (in air) as well as in the process of aqueous carbonation.  
 
Nomenclature 
 
CFB circulating fluidized bed  
CFBA circulating fluidized bed bottom ash 
OSA oil shale ash 
 
2. Materials and Methods 
The transformations of sulfides in the model systems of CaS - H2O (0.13 - 2.8 g/L) and OSA - H2O 
(L/S mass ratio 10/1) were studied in anaerobic (in N2) and aerobic conditions (in air) as well as in the 
process of aqueous carbonation using air  CO2 mixture containing 15% CO2 at atmospheric pressure and 
at room temperature. In the present research, CFB combustion bottom ash (CFBA) collected from boilers 
at Estonian Power Plant was investigated. Besides 18.7% of free lime as the main CO2 binding 
component, the CFBA also contained 4.8% CaSO4 and 0.28% CaS as the main sulfur compounds [9]. 
Solid CaS of analytical grade (99.9%) was supplied by Alfa Aesar (German). 
Leaching experiments were carried out in a laboratory-scale batch reactor with a volume of 800 ml. 
OSA and CaS millipore water suspensions were well-mixed, with a magnetic stirrer (700 rpm), at room 
temperature and at atmospheric pressure during 1440 minutes. 3 h was considered sufficient to reach 
equilibrium. Suspensions were preserved for 24 h for the monitoring of the behaviour of sulfides for a 
longer time period. For the imitation of the situation in nature in the deeper layer of ash piles, where in 
anaerobic conditions, air has no access to suspension, O2 and CO2 were removed from ultrapure water 
before use by purging N2 through for 15 minutes, in addition to purging it through apparatus with 
suspensions before the start of experiments. Reactor was sealed air-tightly with parafilm. 
Aqueous carbonation was carried out in a 100 ml column absorber using glass filter type gas 
distributer and CO2 containing model gas (15% CO2 in air).  
The composition of liquid phase (S2-, SO42-, SO32- - Lovibond Spectro Direct spectrometer, methods: 
DPD/Catalyst, Bariumsulfate-Turbidity, DTNB, respectively) Ca2+ - ISO 6058:1984, alkalinity - ISO 
9963-1:1994(E), pH using Mettler Toledo GWb SG2) as well as gaseous phase (H2S, CO2, O2, SO2 using 
flue gas analyzer Testo 350-S/-XL) were monitored during the experiments. After the carbonation, the 
solid residue was analyzed for chemical composition: free CaO content (ethylenglycol method [10]) and 
CO2 (ELTRA 580 carbon sulfur determinator, ISO-10694). The efficiency of the carbonation process was 
described by the CO2-binding degree (BDCO2, %, shows which part of the theoretical CO2-binding 
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capacity is utilized, and a CaO-binding degree (BDCaO, %), shows which part of free CaO is utilized [5, 
11].  
3. Results and Discussion 
3.1. Transformations of compounds in CaS suspensions during leaching 
CaS dissociation produces sulfide ions (S2-) (Eq 1), which will bind protons from the water molecule, 
forming equimolecular amounts of hydroxide ions (OH-) (Eq 2-3): 
 
2+(aq)+S2-(aq)                                                                                                                        (1) 
S2-(aq)+H2 -(aq)+OH-(aq)                                                                                                       (2) 
HS-(aq)+H2 2S(aq)+OH-(aq)                                                                                                     (3) 
H2 2S(g)                                                                                                                                      (4) 
 
In both, aerobic and anaerobic conditions, the CaS dissolved completely in the water at lower 
concentrations (<0.5g/L), but at higher concentrations (>0.5g/L) the solid particles of CaS remained in the 
system.  
 
 
Fig 1. Changes in S2 ion concentration (mmol/l) under (a) anaerobic conditions; (b) aerobic conditions; (c) pH and gaseous H2S 
composition changes under aerobic conditions in CaS-H2O systems 
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Concentration of S2- is a sum concentration of three soluble sulfur forms: H2S(aq), HS- and S2-. As 
shown in Fig. 1, the pH and concentration of S2- depended on the CaS concentration in the suspension. A 
faster growth and higher values of pH, as well as higher concentrations of S2- were achieved in the more 
concentrated CaS suspensions. Also, a longer time was required for the dissociation of solid phase, thus 
equilibriums required more time. Until there was sufficient amount of solid phase, the concentration of S2- 
kept growing, as well as gaseous H2S evaporated (Eq 4) and/or oxidized ions were replaced by the CaS 
dissociation products. The concentration of S2- was lower in anaerobic conditions as compared to aerobic 
condition (Fig. 1, a, b), because the oxidation of sulfur compounds and desorption of H2S(g) accelerates 
the dissolution of CaS, as mentioned in [12, 13].  
Although HS- is the main sulfide form in solutions at pH above 9 [12], small amounts of H2S(g) were 
detected in the CaS-H2O systems (Fig. 1, c). At that time, the growth of concentration of sulfides in the 
aqueous phase was depressed. Morse et al. has brought out that from pH of 8.5 to 9, the oxidation rate of 
the sulfides decreases and starts to increase around pH of 10  11 and at values above 11 the rate 
decreases again. Also, aqueous suspensions (pH above 9) include polysulfides, which will decrease the 
amount of S2- and H2S(g) [13].  
Comparison of the concentrations of OH- (calculated from the pH) and S2-, showed that under 
anaerobic conditions, OH- -ions exceeded S2-- ions (the ratio of OH- to S2- had the mean value of 0.77), 
irrespective of the concentration. Under aerobic conditions, the ratio of OH- to S2- varied widely (mean 
value 0.49-1.95) without a clear relationship to the CaS concentration and time. The measurements 
showed that in concentrated CaS suspensions (>0.5 g/L under aerobic conditions and 0.13 g/L under 
anaerobic conditions) (details in [9]) the concentration of calcium ions in the solution was lower than the 
concentration of hydroxide ions, as a result of additional reactions between sulfides and protons, diffusion 
limitations and formation of precipitations. 
3.2. Transformations of compounds in OSA suspensions during leaching 
When OSA was immersed into water, the formation of Ca hydroxides occurred followed by 
dissolution and the suspension became rapidly deeply alkaline [5, 9]. The pH values of aqueous 
suspensions were higher under anaerobic conditions (12.6 and 12.3, respectively). Within 24 h, in both 
aerobic and anaerobic conditions, d and even the concentration of S2- increased 
steadily (source of sulfides still remained) (Fig. 2, a). Oxidative gases (O2, CO2) contributed to the pH 
decrease of the suspension. The oxidation of sulfides promoted the decrease of the solution pH as the 
sulfates are weaker bases than sulfides.  
The final concentration of S2- was higher under anaerobic conditions (1.3 mmol/L and 0.2 mmol/L in 
OSA leachates, respectively) (Fig. 2, a). Sulfides diffusion from OSA particle was depressed, as a result 
of capsulation of sulfide sources by precipitation. During the leaching, there were no H2S(g) detected in 
the CFBA-H2O system (L/S mass ratio=10/1) (Fig. 2, b). Also, metallic ions (as catalyst [13]) could affect 
the oxidation of sulfides in aqueous suspension of OSA (for instance, the hematite concentration in CFBA 
is 1.1 wt% [7]). Therefore, the concentration and transformations of sulfides in OSA-H2O system depend 
on pH of the suspension, diffusion limitations as well as the presence of oxidants and catalysts. 
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Fig. 2. Changes in (a) pH and S2- ion concentration under anaerobic and aerobic conditions; (b) gaseous phase composition
changes under aerobic conditions in OSA-H2O system
3.3. Transformations in OSA and CaS suspensions during aqueous carbonation
The pH decreased as model gas (air - CO2 mixture behaving as acid in the aqueous systems) was
bubbled through the aqueous suspensions of CFBA or CaS and the equilibrium of S2- was shifted towards 
H2S, which was emitted in gaseous form (Fig. 3, 4 and Table 1), as the quantitative relationship between 
sulfide species (Eq 2-4) is controlled by the pH. The exchange of species between gaseous and liquid
phase took more time at higher CaS concentrations, the pH reached equilibrium in about 5 minutes (Fig.
3, a). In case of CFBA-H2O system, the pH stayed on a high level until the free lime was almost utilized
(<2% of unreacted CaO, Table 1). Then, pH decreased rapidly for about 30 min until the equilibrium of 
the pH was achieved (pH~6.8, Fig. 4). In CaS systems, pH of suspensions decreased rapidly because of 
lack of CaO and processes lasted as long as Ca2+ was carbonated. Still, water dissociation, dissolution of 
CO2 and CaS, reactions between sulfides and release of H2S(g) require time, which all affect the length of 
process.
Small amounts of H2S(g) were fixed already in the region of high pH value (pH~12) during the first 
minutes of carbonation process. When the suspension pH decreased below 7.5, the content of H2S(g) in
off-gas reached 110 ppm in case of CFBA (Fig. 4). In general, the content of H2S(g) in off-gas
corresponded to CaS concentrations in the suspensions (Fig. 3, b). Some neurophysiologic effects
following exposure to concentrations of H2S(g), in the range of (10 100) ppm, include dizziness, 
fatigue, headache, lethargy, loss of appetite, abnormal peripheral reflexes, mental depression, irritability,
and poor memory. Instantaneous loss of consciousness, rapid apnea and death may result from acute
exposure to levels above 1000 ppm [14].
Release of the H2S(g) stopped in correlation with the respective source of sulfide.
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Fig. 3. Changes in the value of (a) pH; (b) H2S concentration in off-gas during aqueous carbonation of CaS
Fig. 4. Changes in the value of pH and H2S, CO2, O2 concentration in off-gas during aqueous carbonation of CFBA
During carbonation, concentration of Ca2+ and SO32- in liquid phase decreased, from 34.5 mmol/L to
12 mmol/L and from 1.25 mmol/L to 0.05 mmol/L, respectively (Table 1). When the Ca2+ content value
was lowest, the calcium potential was utilized and further addition of CO2 initiated re-dissolution,
liberating Ca2+ into suspension. By the end of carbonation (pH~ 7,6) concentration of Ca2+ decreased
again, due to the formation of solid precipitates. Before intense emission of H2S(g) (after 20 min of
carbonation), S2- concentration increased from 0.028 mmol/L to 0.122 mmol/L (Table 1, Fig. 2a, 4). As
the sulfides started to shift rapidly to gaseous form, S2- concentration in liquid phase decreased to 0.002 
mmol/L. Threshold, when OSA suspension pH stays above 10, the dissolved oxidants contribute sulfides
in aqueous form.
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Table 1. Carbonation of aqueous suspensions of CFBA and CaS: composition of liquid and solid phase 
Components concentration (mmol/L) 
CFBC/H2O 
ratio 
time 
(min) pH C
a2
+  
SO
42
-  
S2
-  
SO
32
-  
C
O
32
-  
O
H
-  
H
C
O
3-
 Stoich 
norm 
CO2 
(%) 
CaOfree 
(%) 
BDCO2 
(%) 
BDCaO 
(%) 
1/10 
0 12.39 34.5 9 0.028 1.25 2 24.5 0 0 12.68 19.73 0.00 0.00 
20 11.13 10.5 9.32 0.122 0.29 2 1.35 0 3 20.58 2.94 0.00 0.00 
30 10.99 15 16.56 0.016 0.06 0.6 0.98 1.9 5 22.12 2.83 84.33 80.84 
40 7.67 12.5 18.75 0.004 0.03 2 0 6 7 26.19 1.84 90.67 81.53 
60 7.65 12 29.32 0.002 0.05 3 0 10 10 28.60 0.68 104.0 90.89 
CaS/H2O 
(g/L)               
0.6 60 7.08 3.5 0.52 0.086 0.06 0 0 7 
0.13 60 6.18 1.5 0.08 0.009 0.02 0 0 3 
 
During aqueous carbonation, the concentrations of SO42- increased as S2- and SO32- decreased (Table 
1). Threshold oxidants, mixture of CO2 in air (N2, O2, CO2, H2O), accelerate formation of sulfates in 
suspensions, at the expense of sulfides and its intermediate oxidation forms. The concentration of SO42 -
ions increased constantly and some of it precipitated as sulfate salts. Around stoichiometric norm 5 of 
CO2, in intensive H2S(g) emission region, the formation of SO42- was suppressed. Thus, at pH values <10, 
desorption of gaseous H2S is preferred to oxidation of sulfides, which was expressed by the intense 
emission of H2S. 
Determination of the solid residue indicated that over ~86% of free lime was utilized (~21% CO2 was 
bound), (between 3 to 5 stoichiometric norm of CO2), before reaching into the intensive H2S(g) emission 
region (pH<8) during aqueous carbonation of CFBA (Table 1). The amount of CO2 bound, was 210 kg 
CO2/t CFBA. The higher value of BDCO2 (over 100%) compared to BDCaO suggest that other CO2-binding 
components (MgO, Ca-silicates) also bind CO2.  
4. Conclusions 
Transformations of sulfides, including formation of gaseous H2S, in the model systems of CaS-H2O 
and OSA-H2O in anaerobic and aerobic conditions as well as in the process of aqueous carbonation were 
examined in order to provide better understanding for managing OSA suspensions and leaching waters.  
It was found that the concentration and transformations of sulfides in OSA aqueous suspension 
depends on resource of sulfides, pH of suspension, diffusion limitations, and on the presence of oxidants. 
At pH values <10, desorption of H2S(g) is preferred to oxidation of sulfides, which was expressed by the 
intense emission of H2S(g).  
Considering the environmental problems, the pH and oxidation potential of OSA aqueous carbonation 
system have to be monitored in order to minimize the emissions of H2S(g) and neutralize the liquid phase. 
Carbonation should be discontinued at the time when no more CO2 is committed by the amount of free 
CaO in the OSA, thus preventing a rapid pH decrease of the system. At the same time, the leachates have 
to be on the level of pH where it is acceptable to direct them into the nature. 
5912   Kadriann Tamm et al. /  Energy Procedia  37 ( 2013 )  5905 – 5912 
Acknowledgements 
The financial support of Estonian Ministry of Education and Research (SF0140082s08), Estonian 
Science Foundation (Grant No 9334) and are 
gratefully acknowledged. 
References 
[1] IPCC Special Reports on Carbon Dioxide Capture and Storage; Intergovermental Panel of Climate Change. Cambridge, 
Uinated Kingdom and New York, USA: Cambridge University Press; 2005 
[2] Ots A. Oil Shale Fuel Combustion. Tallinn: Tallinn University of Technology; 2006 
[3] Eesti Energia Environmental report 2011, https://www.energia.ee/-/doc/10187/pdf/concern/keskkonnaaruanna_2011_eng.pdf 
Accessed 3 Oct 2012 
[4] Uibu M, Velts O, Trikkel A, Kuusik R. Reduction of CO2 emissions by carbonation of alkaline wastewater. Air Pollution 
XVI. WIT Transactions on Ecology and the Environment 2008;116:311-320 
[5] Uibu M, Velts O., Kuusik R. Developments of CO2 mineral carbonation of oil shale ash. J Harzard Mater 2010;174:209-214 
[6] Velts O, Uibu M, Kallas J, Kuusik R. Waste oil shale ash as a novel source of calcium for precipitated calcium carbonate: 
Carbonation mechanism, modeling, and product characterization. J Hazard Mater 2011;195:139-146 
[7] Kuusik R, Uibu M, Kir  K. Chaization of oil shale ashes formed at industrial-scale CFBC boilers. Oil Shale 2005; 
22(4S):407-420 
[8]  L, Elenurm A, Tamvelius H., Transformation of Sulphur Compounds in a Hydraulic Ash-Discharge Unit. Proc. 
Estonian Acad Sci Chem. 1998; 47(1): 3-10 
[9] Tamm K, Kuusik R, Uibu M., Kallas J., Transformations of sulfur compounds in oil shale ash suspension. Waste 
Management and the Environment VI. WIT Transactions on Ecology and the Environment 2012; 163:25-35 
[10] Reispere H.J., Determination of free CaO content in oil shale ash. Transact. Tallinn Polytechnical Institute 1966;245:73-76 
[11] Uibu M, Kuusik R. Mineral trapping of CO2 via oil shale ash aqueous carbonation:rate controlling mechanism and 
development of the continuos flow reactor sytem. Oil Shale 2008;26,1:40-58 
[12] Carcia-Calzada M,  G, Fuertes A.B., Decomposition of CaS Particles at Ambient Conditions. Chem Eng Sci 
2000;55(9): 661-1674 
[13] Morse J, Millero F. J, Cornwell J. C, Rickkard D., The Chemistry of the Hydrogen Sulfide and Iron Sulfide System in 
Natural Waters, Earth-Sci Rev. 1987;24:1-42 
[14] Sheldon R, Goodwin V., Health effects of Hydrogen Sulfid: Knowledge Gaps, Alberta Environment: Edmonton;1999 
